A monochromatic CT for imaging the human head and neck is being developed at the National Synchrotron Light Source. We compared the performance ofthis system, multiple energy computed tomography [MECT], with that of a conventional CT [CCT] using phantoms. The advantage in image contrast ofMECT, with its beam energy tunedjust above the K-edge ofcontrast element, over CCT carried out at 120 kVp, was 3.2-fold for iodine and 2.2 fold for gadolinium. Image noise was compared by simulations because this comparison requires matching the spatial resolutions ofthe two systems. Simulations at a 3-rail dose and 3-mm slice height on an 18-cm-diameter acrylic phantom, with MECT operating at 60.5 keV, showed that image noise for MECT was 1.4 HO vs. 1.8 Wi for CCT. SimWations in the dual-energy quantitative CT [DEQCT] mode showed a two-fold advantage for MECT in image noise, as well as its superior quantification. MECT operated in the planar mode revealed fatty tissue in the body of a rat using xenon K-edge subtraction. Our initial plan for clinical application ofthe system is to image the composition ofcarotid artery plaques non-invasively, separating the plaques' main constituents: the fatty, fibrous, and calcified tissues.
INTRODUCTION
Multiple energy computed tomography (MECT)', is a synchrotron-based computed tomography (CT) system employing monochromatic x-ray beams from the X17B superconducting beamline at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratoiy (BNL). The rationale for developing the system, funded by the U.S. Department ofEnergy, has been a) to establish the performance of a monochromatic CT, b) to explore the method's usefulness in radiology, and c) to examine the prospects for developing a compact, clinical version of the system. MECT uses a fixed, horizontal fan-shaped beam and a subject apparatus rotating about a vertical axis. Although there have been many recent advancements has been made in the field of computed tomography, the width of the energy spectrum in modern CT systems is still broad, typically 40% (full-width-at-half-maximum, FWHM/mean energy). The advantages of monochromatic CT over conventional CT (CCT) include a) eliminating beam-hardening artifacts7, b) allowing CT at optimal beam energy for a given subject's size8 '9 , and c) allowing energyselective CT. Compared with CCT at the same patient's dose, MECT has provided images free of beam-hardening artifacts with excellent quantification, up to a 50% reduction in noise, up to 3-fold advantage in contrast with iodine images using the Kedge method, and better soft4issue contrast5'6. This paper reports recent experimental results comparing MECT to CCT in imaging with contrast agents. It also reports the results of simulations comparing image noise in the two systems. Image-noise comparison cannot be done experimentally as it requires a complete matching ofthe two in terms ofthe spatial resolution oftheir images. The results ofthe simulations are used to model the performances ofMECT and CCT operating in the dual-energy quantitative CT (DEQCT) mod&°. Finally, the paper reports preliminary results, in the planar mode, ofimaging fat in a rat's body using the method ofxenon K-edge subtraction; implemented in the CT mode, this method is a candidate method, in conjunction with DEQCT, to generate MECT images ofthe composition of atherosclerotic plaques in the human carotid artery. In particular, DEQCT should separate the calcified and non-calcified tissues, while xenon K-edge subtraction CT may distinguish the fatty component ofthe plaque from other components1'.
MECT: SYSTEM DESCRIPTION
The MECT system used in our experiments is described in Refs. 5 and 6. Its main components were the following. The beam is provided by X17B beamline ofthe NSLS X-ray storage ring'2. This storage ring, currently operating at 2.5 GeV energy and 350 mA maximum ring current, has 29 beamlines with 2-3 beamports at each beamlin&2. The results presented in this paper were collected in two experimental areas ofthe X17B beamline, namely, in X17B1 (the Materials Science Hutch), and in X17B2 (the Medical Synchrotron Research Facility, SMERF)13. SMERF is the NSLS's medical beamline, originally established to host the Transvenous Coronaiy Angiography prograi&4. The source-subject distances were 30 m for X17B1 and 39 m for X17B2; the subjectdetector distances were = 1.5 m for X17B1 and 2 m for X17B2. MECT in X17B2 has a useful field-of-view (FOV) of = 19.5 cm for symmetric scanning, and 36 cm for asymmetric scanning (i.e. in which the beam covers only the axis ofrotation and one side ofthe subject). The size ofthe source spot at X17B is 0.95 mm and 0.05 mm FWHM in the horizontal and vertical directions, respectively.
Two different monochromators were used in the experiments, both two-ciystal Laue-Laue, employing flat Si<1 1 1> ciystals. The first one, used for the phantom studies, was MECT's previous monochromator, employing flat crystals and providing an energy range of24-52 keV'5. The second monochromator, used for xenon imaging, was an experimental bent-crystal device that employed Si wafers. The energy width ofthe beam in both monochromators was about 0.2% FWHM, compared to about 40-70% in CCT. Two different detectors were used in the experiments, both linear-array modular CdWO4-photodiode device. The first one, used for the phantom studies, had a 1.84-mm element spacing and was masked to a 0.92-mm active element-width to improve spatial resolution; it was obtained on loan from Analogic Corp.'6. The second detector, used for xenon imaging, was MECT's new detector with 0.92 mm element spacing, manufactured by Analogic Corp. The data acquisition system (DAS) included a current-filtering front-en&6, ch was connected to a DEC Alpha computer through a custom-designed interface; it provided a usable signal dynamic range of 500,000:1.
For CT images the rate at which projections were collected was 1440/s, while the subject's apparatus rotated at the rate of 24°/s. During off-line image analysis, 24 such projections were averaged to form one projection for reconstruction. Reference data (i.e., data taken with no subject in the beam) collected before and after each subject slice were scanned. Two separate 360° data were collected with one lateral translation ofthe subject's rotation axis corresponding to one-halfofone inter-element detector spacing between collections, and were interlaced during the reconstructions35. Short-term oscillations ofthe beam's intensity were compensated for by using data from the two unattenuated ends ofthe fan beam, designated "air channels". Linear variations ofthe beam profile's shape were corrected by linear interpolation between these ends. We note that monochromatic CT studies also have been carried out at Stanford Synchrotron Radiation Laboratory (SSRL)'7 and at the Photon Factory, Tsukuba, Japa&8.
MECT OPERATING IN ENERGY-SELECTIVE MODES

DEQCT
DEQCT is essentially the tomographic version of the planar x-ray imaging method of dual photon absorptiometry'9 . It involves imaging the subject at low-and high-energy beams; it depends upon the difference in the energy-and Z-dependence of the Compton and photoelectric processes to separate the subject's image into the two components oflow-Z and intermediate-Z elements. For monochromatic CT, these energies can be 40 and 100 keV. The method accentuates the image contrast in each of the low-Z and intermediate-Z components, and facilitates the quantification oftheir densitie&°"9'°.
K-edge imaging of contrast elements
In this method, the energy ofthe monochromatic beam is tunedjust above the K-edge ofthe contrast element for the largest image contrast21"4. A second image can be obtainedjust below the K-edge, and the two images can be subtracted to highlight the image contrast generated by the contrast agent. The gain in image contrast is veiy large. Superimposing CCT's 120-kVp beam energy spectrum and the total attenuation coefficient curve ofany of the contrast elements will illustrate the reason for smaller image conirast in CCT compared to monochromatic CT. For example, for iodine the peak ofthe CCT's broad x-ray spectrum is far above the K-edge, causing a loss of image contrast. On the other hand, the K-edge's sharpness and its absolute height change (5.5-fold at iodine's K-edge) give the monochromatic beam an excellent advantage in K-edge imaging.
TilE CONVENTIONAL CT SYSTEM
The CCT used was a GE HiSpeed CT scanner2 at the Department ofRadiology, Health Sciences Center, State University ofNew York, Stony Brook. Its 120-kVp spectrum had a half-value layer (HVL) of 7.05 mm Al, which corresponds to a mean spectral energy of 60.5 keV.
COMPUTER SIMULATIONS
The program did not follow individual photons but used synthetic normal noise to broaden the counts in each ray; the counts in each ray were traced from the source to individual detector elements, and for each single energy value. Noise from the detector and the data acquisition system (DAS) was assumed to be negligible. For the polychromatic beam, 1-keV energy steps were used. The detector signal was set as the number ofcounts times the beam's energy (i.e. assuming perfect detector sensitivity). The same image-reconstruction routine used for experimental data was appliedto the results ofthe simulations. All the phantoms simulated were cylindrical ones, and were imaged axially. We corrected for first-order beam-hardening effects (Cupping effect, Ref. 23) in the polychromatic images.
POTENTIAL OF MECT IN IMAGING TILE COMPOSITION OF TIlE
AThEROSCLEROTIC PLAQUES Atherosclerotic occlusive disease ofthe carotid artery is a major cause ofstroke. Although carotid artery stenosis is a risk factor, the majority ofpatients with stenotic carotid lesions do not develop a stroke. Recent evidence suggested that certain variations in the composition ofcarotid atherosclerotic plaques may increase the risk of stroke24. The ability to non-invasively identify stroke-prone lesions would allow a more accurate selection of patients to undergo carotid endarterectomy. By performing surgery only on carotid lesions that are stroke-prone, the overall endarterectomy-related mortality and morbidity for this patient population could be reduced. It is estimated that the completed clinical MECT system will be able to determine the carotid plaque's composition non-invasively. For this purpose, MECT will be used in the energy-selective modes ofDEQCT and xenon K-edge subtraction to quantitatively image the regional and global composition ofplaques. The DPA MECT method should separate the calcified and non-calcified components ofcarotid plaques, while the xenon K-edge-subtraction method is expected to image the plaque's fat/cholesterol component.
RESULTS: IMAGE CONTRAST WITH IODINE
The phantom was a 13.5 cm-diameter acrylic cylinder which included thirty 11-mm diameter paraxial channels. These channels were filled with a set of six different solutions of iodine (K-edge 33.17 keV) at concentrations of 0, 15, 30, 60, 120, and 240 tg 1/mi. The image contrast in the channels with 240 jig I/mi concentration, averaged over all five sets, was 26 Hounsfield units (HU) for MECT at the above-the-K-edge energy of 33.25 keV. The values were 13,9, and 8 HO for CCT carried out at 80, 100, and 120 kVp, respectively [6] . The simulated image noises for the same radiation dose to the phantom were 1.4 HU for MECT and 1.2 HO for CCT. These results demonstrate MECT's advantages over CCT in iodine imaging: a 3.2-fold gain in image contrast and, for a 13.5 cm subject, a 2.8-fold gain in contrast-to-noise ratio (CNR).
RESULTS: IMAGE CONTRAST WITH GADOLINIUM
Gadolinium (Kedge 50.23 keV) may potentially replace iodine as a radiography agent in future because it is more efficient than iodine in absorbing hard x rays25. In this experiment, the phantom was an 18 cmdiameter aciylic cylinder, with the same design ofchannels as the iodine phantom. The range of Gd concenfrations in the channels was zero to 2400 jig/mI. The Gd agent was Magnevist26, a brand ofgadopentetate dimeglumine with a chemical composition ofCHGdN5O20. The results showed an image contrast of 138 for MECT operating just above the Gd K-edge (at 50.34 keV), compared to 64 HO for CCT operating at 120 kVp. The simulated image noises for the same radiation dose to the phantom were 1.5 and 1.9 HO, respectively. These results indicate MECVs advantages over CCT in gadolinium imaging: a 2.2-fold gain in image contrast and, for an 18 cm subject, a 2.8-fold gain in CNR.
RESULTS: FAT IMAGING WITH XENON K-EDGE SUBTRACTION
This method relies on xenon's large solubility in fat27, and the large gain in xenon's image contrast obtained by tuning the monochromatic beam energyjust above the K-edge. Xenon's maximum solubility (i.e. saturation) in fat is 5-10 mg ofxenon per gram offat°. Our experimental results with MECT's iodine imaging, presented in Section C below, show an 3-fold advantage in image contrast for MECT over CCT (at 120 kVp). Because the x-ray attenuation properties ofxenon (Z=54) are close to those ofl (Z=53), MECT, at a beam energyjust above xenon's Kedge, should produce a detectable signal for xenon concentrations which are only one to a few percent ofthat of its saturation level in fat, depending on the size ofthe fatty zone being imaged.
A Zucker rat, weighing 400 grams, was given a mixture of 5% xenon and 50% air for one hour. The rat then was allowed to breath air for an hour; the washout ofxenon from the lean body mass improves the ratio of xenon in fat to that in the rest ofthe body. The rat was then anesthetized and positioned anteroposteriorly in the beam in a prone position, tilted upward (i.e. nose-up) so that its body axis made an angle of 500 with the horizon. The rat was imaged by moving it vertically in the path of MECT's fan-shaped beam. Images were acquired at two beam energies, 34.40 keV and 34.72 keV, that bracketed the K-edge of xenon (34.56 keV). At each energy, the spatial resolution of the image was improved by taking two sequential images with the rat shifted laterally by half the detector's element spacing between the two. The two shifted images were then combined. Fig. 1 shows the high-resolution images above the K-edge (left), below the K-edge (center), and subtracted (right). Because of an apparent small movement of the rat between the images at two energies, the images had to be slightly shifted and rotated for the best match. The fat observed in the subtracted picture is the subcutaneous fat under the rat's left shoulder (the image is not symmetric about the rat's body axis because of its slightly crooked positioning. 
RESULTS: SIMULATING A POTASSIUM PHANTOM iMAGED WITH DEQCT
The performance ofDPA MECT was evaluated usingthesimulation program described. A transaxial slice was simulated in an 18 cm-diameter cylindermade ofbrain tissue (with no skull). The phantom included 6 paraxialcylindrical inserts, each of 3-cm diameter, distributed evenly around an 1 1-cm concentric circle (Fig. 2) . The six inserts had brain tissue-like compositions, with the following deviations of the potassium concentrations: 10%, 20%, and 40% ofthe nominal value. The imaging parameters were 40.5 and 100 keV MECT beam energies, 80 kVp and 140 kVp CCT beam energies, 2 mm slice height, and 3 cGy surface dose at each energy. Images were reconstructed using a Handing filter with a frequency cutoff of 0.5. 
SUMMARY AND CONCLUSIONS
The results of xenon K-edge subtraction may suggest that the method has adequate sensitivity for imaging fat. The simulated images show that MECT operating in the DEQCT has much more power in resolving dual-energy effects. 
